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NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the National Aeronautics
ond Space Administration (NASA), nor any person acting on
behalf of NASA:

A.) Mdkes ony warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or' usefulness of the information contained in this

. report, or that the use of any information, opparatus,
method, or process disclosed in this report may not
infringe privately owned rights; or

B.) Assumes ony liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method or process disclosed in
this report.

As used above, "person acting on behalf of NASA”® includes
ony employee or confractor of NASA, or employee of such con-
tractor, to the extent that such employee or contractor of NASA,
"or employee of such contractor prepares, disseminates, or
provides occess fo, ony information pursuant to his employment
or contract with NASA, or his employment with such contractor.

Reqguests for copies of this report
should be referred to:

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Washington 25, D.C.

Attention: AFSS-A
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NOMENCLATURE

Cross-sectional area duct or a constant

Constants defined where used

3.19 1/zd
Average Flux demnsity
Permeance constant

Constant defined where used

f (2tyor Hydraulic diameter
e @

Current

Current in the fluid directly between
electrodes

Fringing current

Imaginary part of a complex conjugate
Current in the duct walls

Velocity heads

Length

Magnetomotive force

Total mmf produced by exciting coil
Hartmann Number

Reynolds Number

Pressure loss or developed pressure
Defined where used

Pressure drop in duct

Total pressure loss

Pressure loss, viscous

Pressure drop in transition section
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R'g

Re

Re
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Output pressure, net

Flow in duct

Electrical resistance
Coil resistance
Resistance fluid in duct
Defined where used

Resistance of duct outlet
header

Resistance of fringing
current path

Resistance of duct outlet
header

Resistance of duct inlet.
header

Resistance of duct walls

Real part of a complex
conjugate

Voltage

Voltage across duct fluid
Back emf

Volts per turn

Power

Input Power

Hydraulic output power

Defined where used or
distance along X axis
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Duct dimensions

Duct dimension or electrode
length along duct

Mean duct diameter or gap
between magnet poles

Frequency or force
Hydraulic drag on duct fluid

Total air or non-magnetic gap
or gravitational constant

Velocity head

ST
Current density
Current density in duct walls
Current density in duct fluid
Effective duct length
Duct wall thickness
Fluid velocity
Average fluid velocity
Synchronous velocity

2 T

X,% 2 Rectangular coordinate system

e

Log base e 2,72

X
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¢ Constant

B .1915 vC/p or constant

Y Constant
6 Friction factor
n Efficiency

" Fluid viscosity or perme-
ability of air gap

m 3.1416
p Electrical resistivity

Electrical resistivity,
duct walls

p Electrical resistivity,
f  duct fluid

o Fluid density

EE Constant

%} Magnetic flux in core at
distance x from duct inlet

VAR Reactive power

P.F. Power Factor
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I. SUMMARY

The Space Power and Propulsion Section of the General Electric Company
has been under contract te the National Aeronautics and Space Administration
since June 27, 1963 for the performance of a research program to study electro-

magnetic pumps for application to Space Electric Power Plants.

This is the Third Quarterly Report for the program, covering the period
from December 27, 1963 to March 27, 1964. The total program will include three
principle phases. Phase I is primarily analytical. Phase II is experimental
and will include manufacture end test of the best selections from Fhase I. The
final phase will evaluate the results of the first two phases. The entire pfogrnm
is estimated to require about thirty months to complete., However, the Phase I
portion which is of primary interest here was allotted twelve months plus thirty

days for final reporting.

The objectives of Phase I of the program are to determine the feasibility
of using EM pumps in Space Electric Power Plants, establish the bases for selecting
pumps for specific application, establish the bases for design of EM pumps
applicable to space power plants, select pumps for construction and test and

establish a test program for the selected pumps.
During the past quarter the most significant developments were:

2) Indication that the new design approach being developed
by this program will produce pumps with about 1/10 the

weight of previous pumps. (See Figure G-1.)

-l—
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b) Development of a single phase induction pump particularly
well suited to the high temperature primary coolant
epplication (Figure G-h).

¢) Indication that a boiler feed EM pump for the turbo-
electric power plant could be competitive in weight with
a canned motor - Jet injector pump for the same application

(Figure G-5).

Continuing the review of basic EM pump types and identifying their character-

istics produced some qualitative information on the thermoelectromagnetic pump.
This pump provides the simplicity of the D.C. conduction pump while eliminating
the power supply problems of the D.C. pump. However, start up may be a problem
and low efficiency of thermoelectric elements requires high heat flows and may

lead to high weight.

Quentitative selection procedures were further developed. A general analysis
of pump duct hydraulic pressure drop was completed. A graphical presentation of
the results of the analysis was made relating hydraulic friction factor to the
Hartmann Number as well as to the Reynolds Number. Thus the effects of flux
density and fluid resistivity are included. This is the last of the general

relationships planned for pump selection and design work under the present study.

e

Analytical methods specifically applicable to D-C conduction pump design
and performance prediction were developed. The analyses cover both the electro-~

magnetic and the permanent magnet machines.

-2-
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Methods were developed for design and analysis of the single phase induction

punp. To a great extent this was original work, although the suggestions of Watt(ls)

were used wherever applicable.

Further basic information required to support actual pump designs was
accumilated and evaluated. Characteristics of soft magnetic materials and di-
electric properties of gases were among these items. Reliability of the various
pump types was surveyed. . The results were tabulated in a chart which indicated

the single phase induction pump to be most reliable.

Order of magnitude values for pump weights were cbtained. A list of EM

pumps produced and operatedorer the past ten years was prepared showing some of
their characteristics. These pumps were compared in specific weight to the
preliminary pump designs already produced by this program. As mentioned earlier

an order of magnitude improvement appears possible.

More detailed weight information was developed.for comparison and evaluation
of the various pump types in the six specific applications selected for this
program. Effects on weight of pump cooling, power factor, and power conditioning

were determined.

Much of the above information as well as that presented in earlier progress
reports was used to prepare a design of a D-C conduction pump for the condensate
boosf application. Compared fo the helical induction pump presented in -
Quarterly Report No. 2 for the.same application, the D.C. pump looked most - -

attractive on a pumping system weight basis.
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Similarly, a single phase induction pump design was initiated for service
in the thermionic system primary coolant application. Preliminary design work
has progressed sufficiently to permit estimation of weight and. e€fficiemcy, both

of which are attractive. v o Lihose 00 Gho ol nun non gk

One other pump design was prepared. Primarily as a test of how competitive
the EM pump is relative to canned motor pumps, a helical induction pump for
boiler feed application was designed. Results of the design were compared with
a canned motor pump for a similsr application. Thé EM pump’ is competitive in

weight.

The above results strongly suggests that further development of the EM
pump is warranted. Plans for the FPhase II work already begun in the second
quarter were carried further in this quarter. A preliminary schedule of Phase IT

punp manufacture and test was prepared. It was based on two pumps.

Phase I schedule was again modified. The primary cause was the contractual
change which extendéd?thexendfdaxeitowAugustw3; 1Q6hv +Im the.over-all ... . %
view,the progream is now on schedule, However;£o maintain the schedule much work
must be done next quarter in finalizing and summarizing the selection of pump |
types. Materials choices must be finalized and a large number of preliminary

pump designs must be made.

. 'Y
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II. INTRODUCTION

Until recently the use of electromagnetic pumps in space power plants
using liquid metal working fluids had been generally considered unacceptable
from a weight penalty standpoint. However in considering the reliability
problems associated with other pumping methods, it appeared that a larger
weight penalty might be accepted in order to gain the high reliability attainable

with EM pumps.

In order to thoroughly evaluate the use of EM pumps in space power application,

NASA established the Electromagnetic Alkali Metal Pump Research Program.
The program was divided into three phases as follows:

Phase I - Analytical phase consisting of (a) Evaluation of
EM pumps for use in space power systems in both
circulating and condensate boost applications,
(b) Development of analytical methods to predict
performance and to define optimum design, (c)
Analytical methods for scaling EM pumps to meet
future requirements, (d) Recommendations on the
selection of one or more EM pumps for test, and

(e) Definition of an EM pump test program.

Phase II - Experimental phase consisting of (a) Detailed
design of selected pumps for test purposes,
(b) Manufacture of the test pumps, (c) Design

and manufacture of a suitable installation for
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testing the pumps, and (d) Performance of the
test work and gathering and evaluation of the
required data.
Phase III - Evaluation phase whereby an overall evaluation of
EM pump performance and limitations will be presented

a8 the final result of the program.

Contract NAS 3-2543 is for Phase I only. The evaluation, selection and
anslysis are guided by six particular pump applications. The design obJjectives
gtated for the selection of these pumps are quite specific and are based on the
best estimates from present space power plant studies of the one megawatt level.
The pumps are intended for use in space electric power generating systems of the
turboelectric and thermionic types using certain alkali metals as the working
fluids, The energy source is a nuclear reactor and the heat sink is a radiator
in space. The design objectives for the vafious applications are shown in Table
II-1.

The starting point for the program was a literature search to compile a
summary of important previous work in the field of EM pumps. The results were
presented in past éparterly reports. The principal value of this work was the
compilation of all the many EM pump concepts that might fit the applications to
be éansidered in the program. A total of 18 conceptusal sketches and brief “
descriptions were presented. Along with this some initial analytical methods

for performasnce prediction were developed.

8ince selection of the pump requires considerable attention to the power plant

characteristics, the initial step of integrating the pumps into the two reference

power plants was also undertaken and described in past reports.
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III. DISCUSSION

Electromagnetic Pump Characteristics

1. Introduction

To provide a basis for the choice of EM pump types having promise for
particular space power applications, a listing and description of all the
basic types of EM pumps was prepared. Largely qualitative in nature, it
indicates the principal features and characteristics of each basic type EM
pump. To attain comprehensive coverage, the following steps have been
taken:

1. The available EM pump literature has been surveyed.

n Daed Lo 3 3
2. Principles and configuration

magnetic devices have been sought.
3. The list has been extended by the principle of "duality";
that is analogies to other types of pumps, and to other

electrical machinery.

Emphasis is placed on completeness with regard to basic types, although
no attempt is made to cover the many variations in configuration detail

possible within types.

2. Thermoelectromagnetic Pump

The literature survey and compilation of pump characteristics is
essentially completed except for the thermoelectromagnetic or TEM pump.
Actually this pump is a variation of the D.C, conduction pump which has
already been thoroughly discussed. Therefore, the TEM pump will be considered

here only in the mamner in which it differs from the usual D.C. conduction
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configuration. Justificatiom for presentation of the TEM pump as a
separate type derives from the search for an amswer to the ome major

weakness in the D.C., conduction pump.

One of the primary disadvantages of the D.C. conduction pump is the power
conditioning associated with the low voltage-high curremt power required.
The TEM approach eliminates this problem by cobtaiming power in the required
form from a thermoelectric element mounted directly om the pump structure.
The pumped fluid provides part of the thermal energy circuit required to
drive the thermoelectric element. If the fluid 1s primary coolant, for
example, the hot Jjunctiom of the thermoelectric element is in contact with
the hot fluid. The heat must them be removed from the cold Junction by
a cooler fluid such as the radiator coolant or by direct dissipation to
space. Figure A-1 shows ome arrangement suggested by S. Hufnagel(l). Only
one couple is shown here, which in practice would provide no more than O.l
volt. PFor higher voltages, several couples must be series comnected. An
interesting arrangement for primary coolant application was presented by
D.C. Miley(a) whereby the thermoelements are incorporated in a heat exchanger
between primary and secondary coolants. The heat exchanger and pump
magnetic circuit are arranged imn & toroild so that maximum use is made of
the magnetic material. Possibly the entire structure could become part
of the shielding surrounding a muclear reactor. However, the life of the

thermoelectric elements may be shortemed by the high meutron flux.

Until recently thermoelectric devices had prohibitively low efficiencies.
Now the new thermoelectric elements are available., Germanium-silicon has

been operated successfully up to 1800°F, Its Carmot efficiemcy is about

lO=




(

uct

Thermoelement — . N

ot
cunction
Cold
Junction

Conductor —

Figure A-1 Thermoelectromagnetic Pump
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8% but in actual practice 3-h% is the rule. Germenium-silicon elements

have performed well in vacuum.

Lead-teluride couples have a Carnot efficiency of 13% and realize 5-T%
in practical applications(hl)(hz). The lead teluride couples have a
temperature limit of about 1200°F. Both types of elements will produce
about 10 watts/lb. at best,which is less favorable than the 10 1b/KW
weight penalty for power plus 2 lb/KW pover conditioning weight presently
estimated for the turboelectric system altermator. From this standpoint
alone the TEM pumping system offers no significant advantage in specific
weight over other EM pumping systems. Then, on adding, moreover, the cooling
penalty for the high heat rejection rate, a substantial weight disadvantage
must be accepted in gaining the power conditioning advantage. Such a

trade off would probably be desirable for very small pumps.

The TEM pump has two special problems. Since the pumping action depends
on heat supplied by the pumped fluid, a start up problem exists. Then,too,
where good control of head and flow is required, either a throttling device
must be used or auxiliary D.C. power must be supplied to a magnet coil to
permit varying the magnetic flux. Compensation for temperature change in
the fluid must also be comsidered. Overall the comtrol of the TEM pump

is complicated.

Pump Design Considerations

l. Introduction

This work is being presented in two major categories: General Relation-
ships and Performance Prediction. The General Relationships Section contains
those analyses applying broadly to all or several EM pump types. The Perfor-

mance Prediction Section comtains the performence prediction procedures used

=12
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in pump development design requirements presented in Table II-1.

2. General Relationships

General analyses of pump efficiencies and duct specific power have
been completed. Both analyses are quite general and lead to the
development of literal expressions for electrical efficiency, duct
efficiency and duct specific power. The assumptions made in these

analyses were:

1. Hydraulic losswas neglected.

2. The magnetic material usedwas infinitely permeable
and lossless.

3. Space and time harmonics were neglected.

4, End and side effects Were neglected.

5. Fluid and duct wall currents were compensated.

The resultant generalized analytical relationships previously reported

were presented graphically as curves plotted against slip.
a) Hydraulic Pressure Drop

1) Sumary

One of the simplifying assumptions used in deriving the general

relationships above was a negligible hydraulic loss. In actual pumps
the hydraulic pressure drop may be quite significant. Consequently, a
correction for this assumption must be made. Hydraulic pressure drop
in an EM pump is due to entrance and exit losses and the viscous drag
imparted to the fluid at the duct boundaries. Entrance and exit losses

are usually expressed in terms of "velocity heads".

(B-1)

-13-
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The number of velocity heads lost, h , depends upon the details of the

entrance and exit conditions, and may be approximated for a particular

(3) (4).

configuration by reference to various publications

Viscous loss is normally expressed in terms of the friction factor

8 » the ratio of duct length to hydraulic diameter L, and velocity
D
head. In a form of the Famning equation,

L 2
P}y{ = 4 § (5‘) % (B-2)

With the usual flow conditions, friction factor is a function of Reynolds
number NR, duct surface conditions, and duct curvature. When a conducting
fluid flows through a magnetic field, circulating currents flow within the
fluid introducing an additional body force on the fluid which influences

the velocity distribution across the duct. This tends to modify the friction
factor. An analysis of hydraulic pressure drop for laminar flow of a |
viscous conducting fluid flowing in a straight duct through a magnetic field

is given in this section. The result for the friction factor is:

2
6~ BNNH N Ctth 1 (8-3)
R H “°%" " T
vhere NH’ the Hartmann number;(5) is given in consistent units.by.
N = BD
H (B-L)
L Ce A ‘
g

w1b-

—
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in conventioral units,

B

Ny = 30.4 (To3) D (B-5)

V% Vad
Equation (B-3) is plotted in Pigure B-l. A similar solution for the
frictioa factor whea flow is turbulent has not been developed. Physical
reasomning and a limited amount of test data on mercury imdicate that the
magnetic field has very little effect om the firction factor whem flow is

turbulent.

For turbulent flow, the ecimtion due to von Karman

—L = 4,008 (N 7F " )-0.k (8-6)

/67—7

seems appropriate. This equation which neglects magnetic field effects and

considers omly smooth ducts is plotted in Figure B-1.

The effect of duct curvature upon flow is to imcrease the value of
Reynolds number at which tramsition from laminar to turbulemt flow occurs
and to increase the friction factor, particularly for laminar flow., In
Referemce 6, Schlichtimg gives the effect of curvature as increasing

friction factor by the multiplier

1l
1l + 0.075 NR |Rad. of Cross-Section ) (B-7)
Radius of Curvature

No information is available im the literature concerning the effect of
duct curvature when the Hartmamn No. is other than zero. The inmcrease
in friction factor due to curvature is due to secondary flow patterms
arising from the centrifugal force field set up by the variatiorms iu fluid

velocity across the duet cross-section. (3)(6)

«15-
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When a conducting fluid flows in a transverse magnetic field, velocity
variations across the duct are reduced by the eddy current magnetic
field reaction, hence, it is reasonable to expect the effect of curvature

to decrease with increasing Hartmann number.

It is interesting to observe the effect of a magnetic field upon
the velocity distribution for laminar flow. The velocity distribution
across a wide rectangular duct is shown in Figure B-2 for the'range of
practical values of Hartmann number. This velocity distribution is given
by Equation B-2l. By the viscous force relationship, higher values of
pressure drop are associated with the higher velocity gradients at the

boundaries.

b) Analysis of Magneti¢'iField Effect

Consider the elementary duct section shown in Figure B-3

Assume :

1. The field moves in the z-direction at a constant velocity Vg

2., The duct and air gap height in the y-direction are much less than
the other duct dimensions and the pole pitch so there are no
variations insthe field with respect to x and y.

3. Flow is laminar. Velocity, v , varies only with y.

4. Current density has an x-component only and there are no conditions
external to the elementary duct section shown which influence
current density.

Then taking the center of the duct section at y = 0, the current density

anywhere,is
_ B(vg - v)

Cr

J
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& Per Unit Distance From Duct ¢

Figure B-2 Fluid Velocity Profile in a Rectangular Duct As A Function
of Hartmann Number (Laminar Flow)
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The body force, therefore, on an element bounded by x-z planes at

y and y + dy is

%=Bady-3(“'V)dy (B-9)
Pe
The viscous force on the element is
_ 2
W = M _a__‘f._.§dy (B-10)
g 0
¥
The total force on the element is
£f=f +5, =B (v -v) 2
Pr g€ dy

It is a necessary condition for laminar flcw that the pressure across
any cross-section perpendicular to the flow be constant. This requires
that

of _ B® a3v

o

= R N —— -Ql -~
50 m v e 57 (-12)

Writing these partial differentials as total differentials, in accordance

with the assumptions,

2 3
7 @ : o3 (B-13)

The solution of this differential equation may be written

<
"

A) + A, cosh=(y + A3 sinho(y (B-14)

where

X = ‘ B

f?',gg

(B-15)
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Since v is an even function of y,

Thus
v = A1+A2 coshXy
{
When y = * i, s, v=20
- 2
A
Thus A.2 = - 1
cosh ara
2
and —_
1l -coshXy
v = A cosh ora
1 2
7 = A tanh X 5
-—
Q(_.
2
and T_ cosh Xy |
cbsh"iwis
2
v=v tanh GYE)
2
1 -
(ESE;)
2

The dimensionless constant

a
w . 3@ L,
(7%

g
(6)

is called the Hartmann number.
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(B-16)

(B-17)

(B-18)

(B-19)

(B-20)



In terms of the Hartmann number.

ey
cosh(Ny = J
- sh N
c
_ " Ty
v = V
tanh NH
1 -
NH
The net hydraulic drag on the fluid in the duct is
2 g av
fo = - —
h . ay
y==2
2

ga | | _tamh Ng

Ny

In terms of pressure drop per unit length of flow path

2 1
P =f_h o= L"NH/( —

h v N th N -1
o ga2 [ ©© -
Equation (B-2) stated:
P = 4d _v° (L
h eV (2
U 52 (D)

Equating these expressions for pressure drop,

- 2L LU N 2 ;
b ey (5) = MM M -1

2g g a° N coth Ny -1

Introducing Reynolds number,(6)

Nz

o—VD

/,(

-22 -
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(B-21)

(B-22)

(B-23)

(B-24)

(B-2)

(B-25)

(B-26)
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it follows from Equation (B-25) that
s =882 |__ 1 (B-27)
Ny coth Ny - 1
Nr
For large values of NH, this expression becomes
S = 8% (B-28)

Ny

Equation (B-27) may be written:

$

8 Ng° tank Ny ]
¥z [Rﬂ-tankl!?

Expending tenk Ny in a Taylor Series, for'small values of Ny,

2 2 17 A i
= 8N N-NH3+"—N5-—N7+...
S B g -0+ 5% - 55 M
Ng “__gi-_2_1qH5+17 Bl + .o
3 15 315
Then Lim = &
Ny s 0 W (B-29)

This is the classical expression given for frictiom factor, in the absence

of magnetic field effects, for laminar flow in a wide rectangular duct. (7)
Expressing Equation (B-20) in general terms,
Ny = B D
g

o3
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(The use of a simple hydraulic diemeter is sufficiently accurate here
so it is felt that the use of different hydraulic diameters for NH and
NR and for viscous and turbulent flow regimes cannot be justified at

this time.)

In the units indicated below:

(=3)
N, = 30.b 10> (B-5)
P

For the alkali metals,

0.3¢ 4 &2

5 <, <50
f
Then, for reasonable values of D and B, say

o.h £ DL

5 4(‘%‘) < 30
10

The Hartmann Number then is:
5 { Ny & 3000, approximately

with:
B in lines/inches® D in inches

,2¢ in micro-ohm-inches .’ im 1b/ft-hr,

-21} -
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3. Performance Prediction

The foregoing general relationships are most useful in the conceptual
design and preliminary analysis stages of the pump research work. More
detailed methods of analysis for the particular types of pumps have been
developed under the designation of Performance Prediction Methods. Many
of these are  iteritive meihods and lend themselves well to computer

programming.

a) Direct Current Conduction Pump

The d-c conduction elgétromagnetic pumps considered below are of the
type shown in the sketcﬁméf Figure B-4 . The fluid enters the pump by
way of an inlettrmmsition section leading to a pumping section of rectangular
cross section and constricted area. Here the interaction between the
current and the magnetic field produces an increase in fluid pressure,

and the fluid flows on through the outlet transition section to the pump outlet.

The magnetic field and current relationships are shown in the sketch,
The magnetic field may be provided by a permanent magnet, particularly in
small-size pumps, or by an electromagnet. If an electromagnet is used its
exciting winding is usually connected in series with the current electrodes.
If the duct is made of conducting material, current is introduced into the
fluid by electrodes attached to the outside of the duct walls. If the duct
is of non-conducting material the electrodes extend through the walls and

make contact directly with the fluid.

The equivalent electrical circuit for this pump is shown in Figure B-lk,

The resistance, Ry, represents the resistance of the fluid directly between

25
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lectrode
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Figure B-4 D.C. Conduction Pump & Equivalent Circuit
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the electrodes. The current, Id, through this portion of the fluid
reacts with the magnetic field to produce the increase in pressure in
the fluid. The flow of fluid through the magnetic field generates a
back emf, Vg, which opposes the flow of current I. The resistance Rp
represents the resistance of the two parallel fringing current paths
from the ends of the electrodes through the fluid out into the tranaitionm
sections around the magnetic field region. Current in these paths, I¢,
does not contribute to the development of pressure in the fluid except

as the fringing magnetic field may extend into that region. R, represents
the resistance of the current path through the duct walls from electrode
to electrode. The current in this path, It, does not contribute to the
development of pressure in the fluid. The resistance R, represents the
resistance of the electrodes through which the entire current passes.

It includes the resistance of the joint between the electrode and the
duct wall and a part of the resistance through the thickness of the

duct wall., Part of the resistance through the thickness of the duct
wall and contact resistance between the duct wall and the fluid may be
included in Rd and Rf. If the duct is made of non-conducting material
there is no duct wall current, and the electrodes contact the fluid
directly. If the magnetic field is pfoduced by a series electromagnet,

Re, includes the resistance of the magnet coil.

The magnet poles may be tapered back from the pumping portion of
the duct to extend the fringing magnetic field into the region of fringing
current as shown in Figure B-I4 . This tends to reduce the fringing

current and the fringing field contributes to the pressure rise by reacting

27~
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with the fringing current. Non~conducting separators (not shown) may

be located in thetmnsition sections to block much of the fringing current.

The calculation of voltage, current and power required to produce a
desired flow and pressure rise in a pump of known construction and dimensions

involves the following steps:

1) Calculation of internal pressure drop.

2) Calculation of total pressure rise necessary.

3) Calculation of magnetic field.

4) Calculation of current, voltage, power and efficiency.

5) Corrections for "ermsture reaction" effects.

These steps will be discussed and methods of calculation described in the

order tsbulated above.

1) Calculation of Internal Pressure Drop

There is a pressure drop in the pump, due to hydraulic losses in the
duct and tremsition sections, which must be added to the net pressure rise
developed by the pump in order to obtain the total pressure rise to be

generated in the duct by the current and magnetic field.

The loss in the duct portion of the pump where the pumping takes place

may be calculated as follows:

P, = Cec  20v2

gdy x 1hk (3-30)

o
i

3 = 2a b/ (a+b) (B-31)

«28
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The value of Cf may be materially affected by the presence of the
magnetic field crossing the duct. The effect is to increase the hydraulic

loss when the flow is laminar and to increase the value of the Reynolds
number at which transition from laminar to turbulent flow occurs. The
hydraulic loss is not significantly affected by the magnetic field after

turbulent flow is established.

The relationships between friction factor, Reynolds number and Hartmann

number were developed and illustrated in Figures B-1 and B-2.

Calculation of pressure drop in the duct by means of these relationships
does not take into account losses occurring at the ends of the duct. These
may be a significant proportion of the total in d-c conduction pumps because
the ducts are usually only a few diameters long. They depend upon the shape
of the transition sections connecting to the duct, and may be conveniently

included as part of the losses in these sections.

Pressure drop in the transition sections can be calculated for conical,
square, or rectangular shapes. The accuracy of results for a circular-to-
rectangular shape, in the presence of the fringing magnetic field, may be

poor. The drop may be estimated by assuming an arbitrary number of velocity

heads loss.
— 2
P = Kov
Tr —————————— B—
1 x 2¢g (B-32)

The value of K may be estimated by comparing the pump with a Venturi meter.

For Venturi meters with diameter ratios of 25 to 50% an entrance cone of 21 deg.
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and an exit cone of 5 to 7 deg. the overall pressure loss is given(h)

as 10 to 20% of the differential pressure.

2 )
= 0.2 O vZ=vo = 0.2 A ve -
P 1L% [ 2 g :] il Il el (-33)
= 0.2 |1 - .062%} o v A _1 )
frr [: WE 2 GKE g (B-34)

=~
[

= 0.2(1 - .0625) = 0,187

The loss in a pump where the cross-section changes from circular to
rectangular and back to circular along with the reduction and expansion
of area, combined with the presence of the fringing magnetic field, would
be greater than that occurring in a Venturi meter of nearly ideal shape.

A value of 0.5 is suggested for K.

2) Calculation of Total Pressure Rise Necessary

The pressure drops calculasted for the duct and transition sectioms,
when combined and added to the net pressure rise desired between the inlet
and outlet of the pump will give the total pressure rise that must be

developed in the duct.

3) Calculation of the Magnetic Field

The magnetic fields of importance to the pump characteristics are the
field crossing the duct between electrodes, and the fringing fields extending
into the transition sections. These may be obtained by established procedures
of magnetic circuit calculation. This involves a determination of the

magnetic permeance of the gap across the duct between magnet poles, of the

«30-
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fringing flux paths across the transition section, of the fringing flux
paths from the sides of the magnet poles, and of any other leakage flux
paths in the magnetic circuit. These are important if a permanent

magnet is used for excitation, in order to calculate the total flux

being supplied by the magnet. Permanent magnet calculation procedures

are described by Parker and Studders(s), Chapter 4. Chapter 5 of the

same book describes procedures for calculating magnetic permeance of
fringing and leakage flux paths. Roters(9), in his Chapter 5, also
describes procedures for calculating magnetic permeance of fringing and
leakage flux paths. Permanent magnet excitation is generally used only

in small pumps. The fringing and leakage permeances are used in caleculation
of an electromagnet to obtain the total flux and the amount of magnetomotive

force absorbed in the magnet circuit.

The current between electrodes in the fluid and in the duct wall has

a distorting effect on the magnetic field, increasing the field strength at
the entrance to the duct and decreasing it at the exit end. This in turn
affects the current distribution along the duct, producing maximum current
density in the region of lower field strength and reducing the total pressure
developed. Ilarge pumps in which this effect is significant may be equipped
with compensating conductors which return the current through the gap close
beside its paths through the fluid and the duct wall, cancelling out most

of the distortion. Egquations are given by Blakecu» by which the effect on

output pressure, output power and electrical losses can be approximated for

an uncompensated pump. These are given in paragraph 5.

-31-
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4) Calculation of Current, Voltage, Power and Efficiency

Assume first that the pump is either of the permanent magnet type
or 1s separately excited, so that the gap flux density is fixed and has
been calculated as outlined in preceding paragraphs. Let P = pressure
in psi developed in the pump, equal to the prescribed terminal pressure
plus the hydraulic pressure loss which has been determined as above
outlined. Let v = the velocity of flow in ft./sec. in the duct, calculated
from the prescribed flow to be delivered by the pump at the prescribed

pressure. The equivalent circuit of Figure B-4 obtains

P = §§E x 8.85 x 10-8 psi (B-35)
I = 2; x 0,1132 x lO8 amp. (B-36)
V,=Bvbxlex 1078 volts (B-37)
Ve = Ig Ry + Vg volts (B-38)
I, = %3 amp. (B-39)
I, = %% amp. (B-40)
I = Id + If + It amp. (B-41)
V = Ve + IR, volts at terminals (B-k2)
Wi = VI watts input (B-h3)

(This does not include power for a magnetizing coil)
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P, = P - B, psi output (B-kk)
Wy = Py Q@ x 0.435 watts hydraulic output (B-k45)
? =¥

- (B-46)

i
(This does not include magnetizing coil power)

Calculation of Ry, Rp and Ry is discussed in a following paragraph.

Consider now a series excited pump in which the gap flux density is

proportional to the pump current.

B =cCI (B-47)
I, = x0.1132 x 1 amp. (B-48)
CI
Vg=CIvbxl2x 10’8 volts (B-49)
P

Ve =CIvbxi12x108 4+ x 0.1132 x 10® volts  (B-50)

I =13+ Ip+ Iy amp. (B-51)
I =2, 0,132 x 108 + ¥ x 10 x 108 + F2R 4 0.1132 x 108
CcI Rr CIRe
CIvb

-8  PaRg 8
+ x 12 x107 + TR, x 0.1132 x 10° amp. (B-52)

2 (1-cvb( L+ 1 -8y _PaBa (1 . 1 ., 1
I (leb(Rf+Rt)xl2xlO ) C_(Rd +Rf +Rt)

8

x 0.1132 x 10 (B-53)
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PaRy ('R% bogs o+ Rbl) x 0.1132 x 10°
il

I= T " 5 amperes (B-54)

C (1-Cvb(== + =) x 12 x 10~

Re Ry
Using above equations, calculate I, Vé, Ve’ If, It

V =V, + IR, terminal volts (B-55)
Wi = VI watts input (B-56)
P, =P - P, psi output (B-57)
W, =P, ,@x 0.435 watts output (B-58)
N +% (B-59)

W3

(10)

The calculation of the resistances Ry, Rp, and Ry is discussed by Blake
and Watt(ll), and curves given to aid in the calculations. They involve the
assumptions that the duct is of uniform cross-section, rectangular in shape, and
the resistance is not affected by the presence of the magnetic field. It is
assumed in applying these curves that the magnet poles extend over the same axial
length of the duct as the electrodes. The value of Ry is affected by the magnetic
field in an uncompensated pump where the current distribution is changed by the
field. A correction for this effect is given in a following paragraph. The value
of Ry is affected by the fringing magnetic field which affects the fringing
current distribution. It is also affected by the changing cross-section of the
trensition sections in which the fringing current paths lie; so that the value of Re

obtained from the curves is approximate.

~34-
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No suitable method of correction for these effects is available, The
value of Rt is not affected by the magnetic field and is affected only
slightly by changes in cross-section of the tréansition sections.. The value
of Re depends upon the arrangement of the electrodes, the connecting buses,
and the magnetizing coil, and can be calculated by established procedures.
The contact resistance between the electrode and the duct wall depends
upon the construction but is usually negligible. The above calculations
for Ry and R assume good wetting of the duct wall by the fluid, with
negligible contact resistance between the fluid and the wall. The
resistance of the duct wall to the flow of current through its thickness
from the electrode to the fluid may be conservatively approximated by
assuming that all the electrode current flows straight through from

electrode to fluid.

If fringe-current baffles are used in the pump to reduce the fringe
current, the effective value of Rf is greater than would be obtained from
the curves of Blake(lo) and Watt(ll). The baffles are insulating plates
placed in the tréfisition sections parallel to the fluid flow but perpendicular
to the fringe current flow, dividing the transition sections into two or more
parallel channels. They may extend from the ends of the transition sections,
or further, to reduce current flow around the outer ends. The value of Ry
is not appreciably affected by the presence of the baffles. The values
of Ry and Rp may be approximated by using a value of b equal to the width
of each separate parallel channel, calculating from Ref. (10) and (11) values
of Rd and R, for each channel, and adding together the values thus found to

£

get the net effective value. Interchange of current between the fluid and
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the tube walls near the baffles is neglected.

5) Correction for Armature Reaction Effects
The distortion of the magnetic field and current distribution by the

) 4o

current in the fluid is discussed by Blake,cu» Watt,CED Woodrow,
Barnes.(xy Approximate corrections for this effect taken from equations
developed by Blake are given here. The total developed pressure may be

expressed as follows:

p =Bnld (1 -Bi Aeoth £-1) x 8.85 x 1078 psi

- 5 y (B-60)
Ry = By feotn & (B-61)
Rg = value of Ry as found from curves of Figure B-5,
A= 1915 ve /o (3-62)

fluid velocity in the duct, ft/sec

<
"

c electrode length along the duct, inches

f)

i

electrical resistivity of the fluid, micro-ohm-inches

Bi is the value of the flux density at the edges of the magnet poles,
(at the entrance to and exit from the duct), which would be produced by
the current through the magnet gap alone. Strictly speaking, the current
I should include only Iz and the portion of duct wall current between
the poles, The overall accuracy of the correction, however, does not

warrant the extra calculation to obtain these values.

Bm may be obtained by assuming that the distortion of current distribution

does not affect the total flux and making the calculation as if the current
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Figure B-5 Theoretical Fringing Resistance Ratios for Conduction
Pumps, Without Magnetic Field Source: Reference (11)
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distribution were not distorted. The total electrode current may be
assumed to flow in a healf turn adding to or subtracting from the external
gap magnetomotive force, depending upon the geometry of the electrode
connections. This is an approximation as the distortion of current

distribution will affect the total flux.

B cothp -1
B

functions of 8 to assist in determining the correction factors.

Plots of B coth B and of are given in Figure B-6 as

For series connected D-C electrimagnet pumps the ratio of Bj/By ié: nearly

constant
By  3,911/ed _ 1,955
By QCIL = T (B-63)
B; e ]
Let X = (1L --+ Becothg -1, , 11955 Bcothp -1 -
B X ) = (1 -=¢= 5 ) (B-64)
Let P' = P/X (B-65)

Then Equations (B-47) - (B-59) may be used to include the effects of armature

reaction by substituting P', (B-65), and R'y, (B-61) for P and Ry.

For permanent magnet or separately excited pumps Bm is constant,
but B; varies with current. It is necessary to first calculate the
currents as if there were no armature, obtain an approximate value of Bj
and of X, then repeat with P' and R‘d. It may be necessary to then revise

the values of By, X, and P' and again repeat the calculation.
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b) Single Phase Induction Pump

An analysis by D. A. Watt of a single phase induction pump with an
annular duct was published in Reference (1k4) in 1953. Reference (15), a
declassified edition of Reference (14), was published in 1956. The

configuration treated in these references is shown in Figure B-7.

A more compact configuration developed during the course of this EM
pump design study is shown in Figure B-&. From an electromagnetic view-
peint this configuration is equivalent to that studied by Watt. It is
more compact and more symmetrical, hence better suited to space applications
where size, weight, and Qolt ampere requirements must be minimized. As
illustrated in Figurc 3-8, Loth the duct and the exciting coil are annular
in form. The basic magnetic flux pattern is axial and radial, hence the
laminations must be oriented with their major dimensions lying in planes
passing through (or near) the axial centerline of the pump. Multiple inlet
and outlet pipes are desirable to minimize hydraulic and electromagnetic
inlet and exit losses. The symmetry of the configuration of Figure B-8 is
such that the complex arrangement of chokes described by Watt in the reference
to minimize eirculating currents in the configuration of Figure B-T are nof

necessary provided entry and exit pipes are arranged with appropriate symmetry.

Other compact‘single phase induction pump configurations similar to that
of Figure B-8 are shown in Figures B-9 and B-~I. T'he configuration of Figure
B~9 Type B, is somewhat more compact than Type A, but this compactness is
achieved at the expense of poorer performance. Type C, shown in Figure

B.10, has exciting coils located at each end of the annular duct.
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Figure B~-7 Single Phase Induction Pump Studied by Watt
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Figure B-10 Single Phase Induction Pump, Type C
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When these coils are connected with their mmf's aiding, considering axial
flux, Type C may be shown to be equivalent to two pumps of Type A,
connected back to back. Similarly, when the coils are connected with
their mmf's opposing, Type C may be shown to be equivalent to two pumps of
Type B, connected back to back. In either case, pumping is from the ends
of the duct toward the middle. Type C does not appear to have any signifi-
cant advantages relative to Types A and B,

The analysis of the performance of single phase induction pumps Types
A and B proceeds along similar lines and is carried through concurrently
below. Throughout this analysis the following assumptions are made:

1. The annular duct and air gap configuration is treated as an
equivalent rectangular configuration as shown in Figure B~ll
This m;hroducee negligible error as the duct diameter will
normally be several integral multiples of the air gap radial
height. _

2. The flux density in the air gap is assumed to have a y-component
only.

3. The fringing flux field at each end of the duct is neglected.

4, The permeability of the magnetic core is assumed infinite during
the analysis of the air gap region. A correction for mmf drop in
the core may be made later.

5. Fluid and duct walls are assumed to be lsotropic and non-megnetic,
having permeabilities the same as free space.

6. The fluid velocity is' assumed to have an x-component only and to
e independent of y and 2z,
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The nomenclature presented with the Table of Contents is used. All
sinusoidally varying quantities are rms. Any consistent system of units
applies to the analysis. The results are expressed in terms of the units

indicated.

The following basic relationships may be written for the configuration of

Figure B-11,
~
1 op 7.
B= - -
mid ox (B-66)
=T (R v 2 (B-67)
'ﬂdpf ot ox

. 1 op

dg = = —_— -

a7 Tapy et (B-68)

oB ¥l

B_X = -—-—g (a Jp * 2t Jd) (B-69)
For an assumed configuration and fluid velocity, these equations relate
the four unknowns, B, ¢, Jjs, and jj. They may be combined to yield one
equation in one unknown, ¢

X a P |

A I RN SO R )

32 P8 a Pg a3t ax (B-70)
Assuming the exciting voltage to be sinusoidal in time and fluid velocity
to be constant, the system is linear and the resulting flux ¢ will also be
sinusoidal in time. Thus, it may be written

= T iwt
¢ = Ry (i e ) (B-71)
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and .10} - iwt
S; = Rg i?&w:};e )? (B-72)
where Re {A} signifies "the real part" of A,
For convenience, let
o
D =E+?E fg-?'-’ (B-73)

Then, substituting these relationships in Equation (B-70),and dropping
the Re‘gAig designation for convenience, in the conventional manner, Equation

{B-70) may be written

2
af‘-ﬂg-jwla§=o

ox pfS ox Pfg

(B-74)

The solution of this equation is

$ -4, S £ D, e (B-75)

Where . pav kwPpgDy |
= Yl + = l - 1 i — -
! ST P& { /\/ A (B-76)
& = Y2 +iB, = av bwP pgDy
2 i —_— -
2 ,_ epfg{l+/+ipav2 (B-77)

It is apparent that
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lta anﬂ.jggzare constants which depend upon the boundary conditions. It
is convenient to proceed with the analysis of the pump performance,
expressing the performance in terms of these constants. Their evaluation
in terms of the boundary conditions for pumps Type A and B will be covered

later.

It is convenient to introduce a dimensionless constant Cl’ where

EY
£

Equation 8-75) may then be written

E Y {e“lx+ c e%x)f (B-79)

Cl =

(B-78)

Substituting now from Equation (B-79)in Equations (E-66) (B-67) and (B-68) we

may vwrite
P19 ! X a axi
B=-2-~ | ¥ [ %2 c, L2 (B-80)
nd Q@

% v
. 1 v . X v .y e %X
7T ae, [(5 o T 1) ° r(Ge )G (B-81)

= - iig_ (e aqX

g = - e aex)

+ Cl (B-82)

The pressure developed by the pump is given by the product of the flux
density and the current density in the fluid, integrated over the length of
the pump duct. This pressure varies sinusoidally in time. The average

value of the pressure is given by the expression

%
P = Re {]-Jfﬁd’f (B-83)
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where B is the complex conjugate of B

Thus
P=R§{‘ff;:1j , t1)¢ lx+( a.2+i)Cea2]
l:e Elx + Cl (g_i_) e agﬂ dx )} (B-84)

The expression of Equation (B-&L) may be expanded, integrated and expressed

as follows:

2
§ ( 2@1[
< o=l
w | _‘1: . CLl ) - —
p= - Re (5 @ *1) 2 T s C, |+ (Sopri)
Pe nd w 20y G 2
Z
2 _ 2
[ ‘Cll 2 c (e°“2_l) + a C-J (B-85)
o 12
2
where
ve(al + °‘2>€l ‘ (B-86)
C. = C
= tL e

and |A| means '"the absolute value of A".

It is apparent from Figure (B-10) that the total flux entering the duct is
the value of the flux at x = O and the total mmf produced by the exciting
coil, neglecting iron drop, may be written in terms of the air gap flux

density at x = O and the mmf produced by the inlet duct header. Thus

~50-
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4 -5 § +C } (B-87)
T 1 1
M, = & B + i"ir (B-88)
H X=0 Ro

Thus, from Equation (B-8§0)

M = -w-El gRo . gR -
¢ R, {(Wund “1 i)+(wuﬂ30 @ = 1) Clj (B-89)

Assuming a single turn exciting coil, the component of applied voltage

corresponding to the flux Prp is

V., = 3% - iw{l [1 + clj (B-90)

The total input power to the air gap region is

_ = (B-91)
Wm = Re {Mc Vtg

or, using Equation (B-89) and (B-90)

a3 _
Wm'______Rj L R §1(1+0C) %al-i+(wﬁn§o°2-i)cl
(B-92)
Also
2 P |
VAR = "R+ -
i m T Im i (l+Cl) [(ngﬁg °‘l - i) + (wi‘fl:g 02 - i) Cl] (B"93>

Where Im {A} signifies "the imaginary" of A.
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If the exciting coil resistance, on a one turn basis is Rc » the coil loss
may be written

R, (B-94)

w"_]‘_‘ = Wm + wc (3“95)

The power output is given by the product of developed pressure and flow.

Thus, in consistent units, efficiency and power factor may be written

n =R (B-96)
Wi
P.F, = W
— = (B-97)
VAR °+ W 2
m T

The turn voltage is

m

Me

=T .
v, = 1//VAR + Wy (B-98)

The analysis is now complete except for further consideration of the

constants,L-, , and C,, which are defined by Equation (B-70), repeated for

§ =_fl {e “1x c, ' “2xf (B-79)

One boundary condition common to both pumping configurationsType A and B is

convenilence,

that the total flux entering the duct,:‘: m? is the value ofE at x = 0O,
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This condition has been expressed in Equation (B-§7)

2 -2 (o) (B-87)

A second boundary condition is imposed at the outlet end of the duct,

at x =4.

For pump Type A, the mmf drops around a closed path crossing the duct
at x =£ and returning to the starting point by way of the magnetic core

to the right of the duct (Figure B-7) yield this relationship.

p - -8/ -8 [ o “]
! W/ x=g §l‘ y +§2;Cle ° (-99)

where Iy is the current in the outlet duct header, having resistance Rg .

Iy flows by virtue of the voltage induced by the flux at x =f . Thus,

_ iw§ _ iv® a

Combining Equations $-88) and (g-83), and solving for Cq,
For e A

c, = wund“1+l) L (o ® o)X

(B-101)

+ 1
W T % )

For pump Type B, the boundary condition at x =,Z is more obvious. Neglecting
fringing flux, the flux at x = Z must be zero. Thus for Type B, from

Equation (B«79)at x = 4 ,

c - . e (51 - c‘2)/5 (B-102)
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Summary of Performance Equations

The equations relating the performance of a single-phase induction
punp of either Type A or Type B to the parameters of the configuration
and the fluid pumped are extracted from the foregoing analysis and listed
below. The equations in the analysis are correct in any consistent system
of units. Constants have been introduced into the equations listed below
to correspond to the units indicated in the Nomencleture. Theseequations
have the same numbers as the corresponding equations in the analysis, except

that a lower case "a" has been added as a suffix.

o
Dl = [} + %} E& dimensionless (B-73a)
Dp = /1 + 1 5.475 £PreDy B
a
al = Yl + iBl
32 = ‘Y2 + 182
(B762.)
a
Y, = 0.1915 EL [1 + Re (Da)] (B77a)
£
Y, = 0.1915 = [1 + Re (Da):l
Pfg
B, = =B, = 0.1915 &
1 2 pel m (D,)
For pump Type A,
| 1.588 x 105 (g—fg&)“l +1 . (%1~ %)L
Cl = - dimensionless

1.588 x 1 (Ba)™2 4 1

nﬁhn
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For pump Type B,
(%1 - “2)[ ,
Cl = - e , dimensionless
(9 + % )]
e -1
=C = inches _
Cg 1 a,l + a,2 ? (B-86a.)

E'I? =§l {l * Cl? , megalines (B-87a)

2 2Yl£
f§ alv a. (e -1) - -
- 562.5 «tyl‘.. R 91 ~— + i 1
e {(19 7 +1)[ ~ + a, Cp

P =
d™P¢ 1
l
2 0]
+ (1.91 =, i) \‘ ‘Cl‘ ] psi
] 1 .x. c
G = [1.588 x 100 (gR°°‘l) -3 + [:1.588 x 105 (z_i_o_gg) -]
fa
s, dimensionless
P
M, =~ 0.0628 1: , amperes (B-89a)

2
- fi l
KW, = 3.95 x 10 6 [11] Re {i (1 + Cy) G} , kilowatts (B-92a)
R
o
— 2
m%ﬁ&%xw¢ﬁﬂ Im &(LWﬂ§ , kilovars (B-93a)
R
[¢]

2
KW, = 1073 M| R, , kilowatts (B-9ka)
KW = KW + Kd , kilowatts (B-95a)
T  "m ¢
v, = 103 ﬁ{w ¥+ (xR )®
£ - o/ " b (B-98a)
Me
=952
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K
P.F, = , dimensionless (B-97a)
/ (KWp)? + (KVAR,)?
Efficiency = n = 0.435p Q , dimensionless (B-96a)

103 KW,

It follows from Equations (B-79)and (B-80) that the flux at x = y4 ,E( , and

gap flux density at x = O and x = )e B Bo and ];Z , respectively, are

Q. - Q
E = E e 4 e( 1 2),2+ c , megalines (B-792)
v4 1 1
£.%
- . 1 %2 : .
| B, 103 ) 1+ a Cy , kilolines/in?
(B-80a)
E- e % % - 02)
By = - 103 L ot e( ,Z+ %2 ., kilolines/in?
nd ay 1
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C§ Materials and Processes

1. Introduction

In order to provide support primarily to the pump design effort and
insure compliance with the state-of-the-art requirement on materials selection
and application, a materials and processes function was included. The
principal work here consists of uncovering and evaluating suitable sources
of materials properties data then selecting and compiling the data for the
convenience of the pump designer.

In Quarterly Progress Report No. 1 a grouping of the data to be sought
was outlined. Group A was to be a broad selection éuitable to conceptual
design and initial selection work. Group B was to be more caréfully selected
but restricted to only those materials applicable to pumps chosen for further
study. Finally Group C would be those properties which are of interest only
in detailed design or become available incidental to the search for Groups A
and B data. Informetion presented below falls into the Group A category.
Further selection is now in progress for Group B and will appear in subsequent

reports.

2. Properties of Gases

The heat transfer design approach for polyphase induction pumps as
discussed in Quarterly Progress Report No. 2 calls for a gas filled stator
cavity. Choice of gases for this application requires attention to thermal
conductivity,’dielectric strength and chemical stability in the expected
environment. Helium being the obvious choice from the view of thermal

conductivity and stability its dielectric strength was investigated first
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and some comparisons to other gases made as presented below.

The investigation was based on the following design considerations:
(a) Enclosure is tc be filled to one atmosphere of pressure
at room temperature.
(b) Maximum temperature of stack, conductor and gas is
expected to be 800°F,
(¢) Minimum separation of conductors is .00l inch, conductor
coated with glass roving, ceramic particles, ceramic "film"
or other insulating mabterial.

(4) Rediation: 107 Rads; 1012 to 10M% Ny,

The locations of particular concern are the slots where turn, phase,
and coil to ground voltages may exist, and at end loops close to

each other. From a thermal conductivity standpoint, helium is good;
but of the commonly available gases on which dielectric information

is readily available; it is the poorest electrically. At the pressure
and gaps indicated, the DC sparkover voltages are as shown in G. A,
Farrall's survey of Paschen curve information, Research Lab. Memo-

Report P215, dateld December, 1959:

Gas Volts
@ 760 Torr @ R.T. 010" Gap .002" Gap .001" Gap
Helium 350 210 280
Neon 360 250 260
Argon 590 290 270
Hydrogen 950 400 310
Air 1700 620 450

These data are plotted ir Figure C-l.
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It must be emphasized that these values are for: (1) uniform electrical

field, (2) the gas only, and (3) D.C. voltages.

For small gaps only small errors are incurred by considering the D.C.
value as peak A.C. value. Somewhat larger variations may occur with different
electrode materials, at this and smaller pressure and gap distance products.
Oxide and other coatings on electrodes usually reduce the sparkover values.

However, very significant reductions may result from the following:

(e) Non-uniformity of field: In most electrical equipment &
non-uniform field is usual. The EM pump is likely to be
no different. A reduction of 30% in the above values is

. not unusual.

(v) Interposed material in the gap: No serviceable high
temperature conductor insulation of a fruly f1lm nature,
similar to Formex for low temperature, is known. Even
chemically formed oxide films do not ensure a completely
unbroken film. Whether the conductors are spaced by
oxide film, by attached ceramic granules, or by inorganic
fibers, such matter represents an interposed material of
higher dielectric constant between the electrodes. It is
uncertain at the moment if these should be calculated as
equivalent to an interposed film plus gas gap in series
or as equivalent‘to a shunting surface between electrodes.
In either case there is some probability of overstressing

the gas to cause corona or breakdown. Estimated reduction

- =
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of flashover voltage for this cause is a miminum of 30%.
Radiation: Although helium (and nitrogen) per se are
not subject to damage at the radiation fluxes involved,
the gap flashover voltage will likely be somewhat lower
because of the high irradiation of the gap and electrode
materials.

Impurities in the gas: The nature of the impurity(ies)
governs whether the breakdown voltage is increased or
decreased. Most impurities degrade the dielectric

properties.

The conclusion is that in helium turn to turn breakdown,
etc., is likely not to exceed 50 V RMS 60 cy. This appears
to be very marginal. In the case of solid material slot
liners the division of voltage between solid and possible
gas gaps appears to be less disadvantageous, but still may
be considered marginal. Even if non-porous separators
between phase or other conductors in the same slot or
external to slots are capable of withstanding corona
attack, corona effects on the inevitable impurities in
the enclosed atmosphere may have deleterious effects; and,
certainly corona or sparking is undesirable from a

communications standpoint.

Possible Solutions:

Several solutions immediately suggest themselves.

(a) Increase the gap.

b1
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(b) Increase the filling pressure.
(c) Add other gases to improve the dielectric properties
with minimum interference with heat transfer.

(d) Combinaticns of above.

The first two, within reasonable limits, will increase the breakdown
strength but not in direct ratio; see curves, Figure C-1., The third possible
solution requires examination. The approximate improvement possible with the
addition cf nitroger or octofluoropropane (C3F8) to helium is indicated in
Figure C-2. The crux of the situation is the possibility of radiation damage
to the gas and consequent detericration of properties or attack on other
materials. Sulfur hexsfluocride (SF6) addition would appear to be suitable
from dielectric and thermel conductivity standpoints, but SF6 is believed to
be sufficiently radistion sensitive to be unsuitable. In addition, the
expected 800°F is uncomfortably close to the start of dissociation (hBOOC).
Heavier gases which might be mo?é‘desirable from the standpoint of dielectric
and thermal conductivity properties are also more complex and usually more
subject to radistion dsmage. C3F8 has been suggested by Sharbaugh at Research
Iab as possibly radiation suitatle. CFLL {(Freon 14) has been suggested by
Dutton of Medium Transformet Dept. as another possibility on the basis that
it is & saturated compound, Insufficient evidence is at hand at the moment

to draw sound conclusions about any of the additions other than nitrogen.

3. Magretic Materials

This electromagnetic pump project is intended to cover "state-of -the-

- e W 9 ex @ .-

A 4

art" materisls and, as power frequencies in the order of 60 cycles are required,

as indicated by earliesr work on the program, the search for material information
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Interposed solid dielectric
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as well as other factors, may
cause appreciable reductions in
these values. Ref. (43) (44)
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Figure C-2 Electrical Breakdown Voltages for Helium Mixture

-63~




R

NASA-CR-5L4036

is narrowed somewhat. At this point it is well to restate the present
tentative main requirements for the magnetic materials:
Operating temperature of m&gnetﬁ@&ﬁﬁi@ri&&z%GaooOF|bw.igo@gﬁp%TL
Atmosphere: Vacuum, or nitrogem or other inert gas at ca 40 PSIA at temp.
Lowest weight consistent with reasonable magnetic flux carrying capebility,
watt loss and exciting volt-amperes, and consistent with reliability
and other conditions of operations and environment.
Power supply: 10 to 100 cycles per second, 1 phase or 3 phase.
Magnetic flux: wunidirectional for D.C. devices; simple alternating
for 1 phase devices; alternating and rotating for 3 phase devices.

Fast neutron radiation exposure: 1 x 10'8 nvt.

Consideration of the possible materials and the available test information
to support a proper choice of one or more of them provides little choice; few
of the probable candidate materials have been tested at elevated temperature
in the absence of air. There have been a number of reports of tests, mostly in
the period of 1957 through 1960, at 9329F, a few at temperatures up to '13820F,
but usually in air; the exceptions to air tests are found in Ref. 21 and hQ.
(Co alloys only), and 22:. Uncertainty regarding processing details and
variations for some of the tests reported makes difficult the reconciliation
of apparently anomalous differences. Despite the scarcity of entirely
saﬁisfactory test information, there is data which is indicative of probable

behavior under the required conditions.

The Bibiiﬁéf&phy lists most of the .reports and articles examined. Excerpts

will be more fully presented in.later reports,
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The properties of primary interest for EM pumps are:
Curie temperature
Normal magnetization curves vs. temperature
Core loss vs. induction vs. temperature
Exciting volt-amperes vs. induction vs. temperature
Variation of stress sensitivity with temperature
Magnetic anisotrophy

Aging characteristics

It should also be noted that many magnetic materials are notorious for
sensitivity to various conditions. Among these are:
a) non-uniform and uniform stresses
b) small chemical variations
¢) processing variables, particularly heat treatment
d) surface conditions and inclusions

e) radiation

4, Discussion of Property Information

(a) Curie Temperature

The Curie point of a megnetic material is the first criterion for
selection of a magnetic material. Usually the material must be held well below
the Curie temperature to obtain useful properties. Tables III-1 thru ITI-4
reproduce {nfgrmation, from references (18)(and (19); and, summarize pgrtial -isc
datae on a variety of matcrials. However, Pasnak and Lundsten. (20), » (3
Figure C-3, indicates that the maximum high flux density usefulness.of . .. .

Supermendur is in the order of 1112°F. Helms((36) shows"
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Figure C-3 D.C. Induction Curves of Supermendur in the Temperature

Range of 24°C - 750°C
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(Source: Reference 20, Figure 25)
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8 Curie temperature range of 1%180F to 1292OF for silicon iron alloy with -
al silicon weight percentage range.of O t0.6% (Fig. C-4), The information at
hand indicates that silicon iron and cobalt iron alloys are the materials

primarily of interest.

(b) Normal Magnetization and Normal Permesbility

These parameters are primarily of use for d-c applications and
can indicate maximm useful flux densities in apparatus. They can also furnish

some useful clues to a-c performence. Although most of the elevated temperature

Clark and Fritz (27) show this information to 9320F (Sec Figs. C-5 and C-6,:

for 018" ‘and .025" thick sheet, respectively).

(c) Core loss and Excitation; Aging

Core loss and excitation volt-amperes are of interest in determining
the engineering performance of a proposed design. There appears to be relatively
little information available on high temperature core loss and even less published
data on excitation volt-amperes. Mach of the data are on small laminations of
the E-I or U-I form, some are on ring punchings, some on square hole or "picture
frame" punchings, and some on spirally wound cores. The cores were mostly in
the order of two pourds or less total weight. The core losses measured could
therefore be affecﬁed by cross-fluxing at corners, saturation or cross-fluxing
at lamination gap locations, averaging influence of ring or square hole punchings,
etc., as well as other conditions such as stress, low interlaminar resistance and
atmosphere. Harms and Fraser (26) made loss, excitation and aging tests. Their

data arg typital of the.information confirmed by others, notably Clark and

o
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with Composition (Source: Reference 36, Figure 8)
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Fritz (27), showing lowered core loss with increased temperature; increased
temperature results in higherA.C. excitation at high inductions and lower
excitation at lower inductions, with a relatively constant value at about
55,000 lines per square inch. A.C, loss and excitation in cobalt steels

are appreciably higher than in silicon steels at inductions up to about 15

kilograms.

(a) Aging Tests

Harms and Fraser (26) (grain oriented silicon steel), and Greene,
et al (25) (oriented and non-oriented silicon steel and cobalt steel), reported
relatively short aging tests, both sets im air at 932°F {10CC hrs.) amd 600°C
(600 hrs.) respectively. Both show degradation, partially due to temperature
alone, partly probably due to oxidation. Silicom steels appear to be affected
in the order of 10 to 25% of both core loss and excitation at 60 cycles,
depending on the quality of the inter-laminar insulation; cobalt steel appears
to be affected in the order of 10 to 15%; both experiments were run in air.
The conclusion of both sets of investigators was that at temperatures in the
neighborhood of 9320F and for times in the 1000 hours range, the silicon irons

did not age sufficiently to preclude their use.

(e) Other Properties

Other properties, which may require further documentation, are:

1) Stress sensitivity and magnetostriction (inverse manifestations
of the same phenomenon); oriented material is more sensitive
than non-oriented; cobalt alloys are more gensitive than silicon
steels; stress sensitivity generally reduces with increasing

temperature.
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2) Magnetic anisotrophy: Bozorth (16) showing the loss in
a direction TO° from the rolling directiom of grain
oriented silicon steel to be 2h0$ of the loss in the rollimg
direction, at 15 kilograms; also see Kaplan (30) showing 300%
higher losses due to rotational magnetic flux compated to the loss
due to induction in the rolling direction only; no data were
found to support clearly the opinion that loss and excitation

anistropy will decrease with increasing temperature.

3) Radiation effects; virtually no effect on alloys of interest
here, but cobalt will become highly radiocactive under neutron

exposure.

(£) Comments

1) All data available are on samples or cores with no gaps or
very small gaps in the magnetic circuit, and most are directed
toward transformer type apparatus for operation at 932°F, for
relatively short times (500 to 1000 hours), With a large
magnetic circuit gap, such as would occur in an electromag-
netic pump, the benefit of a high permeability material,
compared with & relatively low one, is essentially lost.

2) Almost all data at elevated temperature are im air. Two reports
on cobalt alloys imdicate damage due to oxidation, but experi-
mental data also indicate that this is due primarily to
mechanical strain imduced in tape wound cores due to oxidation.
It is virtually certaim that the silicon alloy aging degra-

dation is due primarily to oxidation.

“The




NASA-CR-54036

3) It is obvious from the normal magnetization vs. temperature

curves that the cobalt alloys have a higher flux carrying capa-
bility than the silicon iron alloys, and that they suffer less
(in air) with temperature elevation and aging compared to room
temperature values. On the other hand, the cobalt alloys, at the
same temperature amd flux density, have higher core loss and
exciting volt-amperes at 60 cycle than the silicon-irons, within

reasonable portions of their saturation flux densities.

4) The kind of magnetic circuit employed will govern the use of

oriented vs. non-oriented material when use of a silicon-iron alloy
is indicated. Cross-grain losses and exciting currents in oriented
material are inferior to with-grain values and may alsc be inferior
to those of non-oriented material, depending on the grade of steel

used.

5) In magnetic circuits which have rotational fluxes, the losses may

be substantially higher than those calculated on the basis of con-

ventional sample loss measurements.

6) Cobalt-iron alloys, in general, have much higher magnetostriction

than do silicon~iron alloys. From available data, magnetostriction
would be expected to decrease with temperature elevation, approaching

'zero with approach to Curie temperature.

7) The cost of cobalt-iron lamination stock is in the order of thirty

times that for silicon-iron.

8) If relatively low flux densities are required in an EM pump, the

use of some non-oriented silicon steels may be considered for use

at 1292°F,
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9) Obviously, some compromises will have to be made by
the designer a5 no one material is outstanding in all
properties such as induction, loss, excitation,
anisotropy, magnetostriction, radiocactivity, aging,

weight, cost and reliability.

(g) Recommendations

1) Considering all properties, silicon steel seems to be
the hest choice for 800°F. One 'gxception may
have to be taken to a choice of grain oriented silicon
steel. For polyphase cylindrical stator induction
pumps and perkaps, also, for linear induction pumps,
| non-oriented silicon steel alloys may be pfeferable.

See the discussion under anisotropy.

2) For applicotion at 1300CF and above, apparently, a cobalt
alloy probably is necessary. Hiperco 27, Reference (2L),
or equal, seems indicated, although the vendor's
information (Page 3 and 4 reproduced here) does not

extend beyond 932°F, Alsc see comment T above.

3) Aging tests on candidate materials (oriented and non-
oriented silicon steels and Hiperco 27) should be made
on samples of geometry appropriate to expected useful
EM pump designs, in both vacuum and inert atmdspheres at
800°F and 1300°F (or other appropriate temperatures) for

veriods of time sufficient to demonstrate stability or
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continuing instability. Suitability of several

insulative coatings should also be verified.

If magnetic material power loss can be an important
factor in performance, the effects of cross~-flux
and rotational flux at elevated temperature should

be investigated on samples similar to those above.

If the construction of the pump is such that magneto-
striction might influence the reliability of the pump,
the elevated temperature magnetostrictive effects,
particularly in the case of cobalt-iron alloys, should

be looked into more carefully.
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D. Power Cozditioning

1. Introduction

In considering electrical equipment for space power plant application
the available power fcrm is of primary importance. Power conditioning
is frequently required, ;n the past reports it was established that
high performance EM pumps generally require low voltage D.C. or relatively
low frequency A.C:. The power forms available in space‘power plants are

shown in Table Iii-5.

2. Perforwence and Weight

Several vuwer condiiioning systems have been identified for use in
the two types of power plants of interest to this program. A frequency

changer ard a rectifying system have been described in earlier reports.

In Quarterly Report NO. 2 a comparison was presented of the A.C,
induction pump and the D.C. conduction pump as applied to the tﬁermionic
power plant. In the comparison several assumptions were made. Since then
further design work cn EM pumps has required modification of values used

in the earlier comparison. The modified evaluation is presented below.

In the thermionic power plant, power is available at 100V D.C..
Therefore either A.C. or D.C. pumps will require power conditioning.
The comparison of the weights for conditioning equipment in the earlier
report wes accompanied by a description of the electrical components and

circuitry. This informatiég has been deleted here and a simple couparison

chart substituted.
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b‘xstem
Turboelectric

Turboelectric

Turboelectric

Thermionic

Thermionic

Thermionic

Pover
Source
Alternator

Thermo-~
electric
Device "A"

Thermo-
electric
Device "B"

Trivrha-

alternator
shaft

Bus Bar

Thermo~-
electric
Device "A"

Thermo-
electric
Device "B"

TABLE III-5

SPACE POWER PLANT EM PUMPS

POWER SUPPLIES

Power
Form
500-1000V
A.C.-2000 cps

Low Voltage
D.C.

Low Voltage
D.C.

100-200V
D.C.

Low Voltage
D.C.

Low Voltage
D.C.

NASA-CR-54036

Weight Penally

Fraction of for Power
Reactor Thermal Pwr. Consumed
104 10 Ib/KW ¢
100% 0.5 1b/KW th.
100% 0 1b/KW th.
114 9 1b/XW mech.
10% 9 1b/KW e
100% 0.5 1b/KW th.
100% 0 1b/KW th.

Note: Thermoelectric Device "A" provides low voltage D.C. power for EM Pump
operation by thermoelectric elements operating on the temperature difference

between primery coolant and radistor coolant.

Thermoelectric Device "B" provides low voltage D.C. power for EM Pump
operation by thermoelectric elements operating on the temperature difference
between primary coolant and space.
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POWER CONDITIONING SPECIFIC WEIGHT
THERMIONIC SYSTEM
AC vs. DC PUMPS

DC_Pumps AC Pumps
Original Revised3/27 Original Revised3/27

Hydraulic Power - KW

Primary Coolant 2.3 Same 2.3 Same

Rediator Coolant 4.3 Same 4,3 Same

Total 6.6 Seme 6.6 Seme
Pump Efficiency - % 33 20 20 15
Pump Input - KW 20 33 33 HY S
Power Conditicning Efficiency - ¢ 80 Same 85 Same
Power Conditioning Input - KW 25 41 40 52
Power Conditioning Weight 128 210 155 200
Power Conditicnirg Specific
Weight - LB/KW Output 6.4 Seme h.7 Same

The values for pump efficiency are based on the D.C, condensate boost pump

and the A.C. single phase primary coolant pump shown later in this report plus

the A,C. induction pumps for radiator coolant shown in Quarterly Progress

Report No. 2. These pumps are not all designed specifically for the thermionic

plant applications. Therefore, some adjustment was made for the fact that

efficiency improves with increasing pump size,

The original assumption that the D.C. pumps could be series connected
to accept a power supply voltage of 5 volts nmow looks less likely. The
compromise of reliability in the series arrangement cannot be avoided without
severely reducing pump efficiency., The efficiency for power conditioning
equipment producing D.C. at about one volt using present technology is nct
over 50%. Thus the A.C. pump is definitely favored in the thermionic power

plant from the power conditioning standpoint.

.80-
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Power Plant Integration

l. Introduction

Proper selection of pumps for each of the six applications must
necessarily include consideration of the several interfaces between
the pump and the rest of the power plant. Schematic diagrams of
representative pumping systems were prepared and presented in Quarterly
Progress Report No. 2 to aid in the power plant integration work. The
principle items covered are power supply, power conditioning and pump
cooling together with the associated weight penalties. Also to be

considered are start up and control.

2. Pump Cooling

Sufficient study of the power supply and power conditioning
requirements has been done to provide preliminary values for pumping system
weights. During the past quarter pump cooling was studied with the result
that {’our practical systems of pump cooling were devised. Each of these
was evaluated in terms of weight penalty per KW of heat rejected. The

results are tabulated in Table III-6.

As described in Quarterly Progress Report No. 2 the basic heat
transfer arrangement within the EM pump is designed to deliver heat from
electrical losses and from leakage through the duct insulation to a

cooling coill bonded to the outer shell of the pump.

From the power plant systems viewpoint the heat must then be taken

up by an alkali metal coolant and carried to a radiator for rejection to

space.
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Two coolant temperatures were considered: 600°F and 1200°F.
Although the lower temperature has been chosen as the basis for pump
design, the higher temperature is not out of the question for some types
of pumps. Therefore, it is of interest to determine the weight advantage

to be gained using the 1200°F coolant.

To determine the approximate level of heat dissipation,it was
estimated from experience with conventional EM pumps that about one
half the power input to the pump would appear as heat in the coolant.
The sources of heat to the coolant are I°R 1gsses in the windings, core
losses in the magnetic structure, eddy currents in metal walls and heat
leakage from the duct. This latter item is,of course, zero when the
coolant and pumped fluid are at the same temperature. However, the
pump designs include good thermal barriers at the ducts so the heat
leakage will be small. From preliminary calculations,the 1°R loss
in the windings will contribute 60-80% of the heat added to the coolant.
For these reasons the heat addition will be considered the same for

both coolant temperatures.

EM pump efficiencies are calculated to be between 10% and 20% in
terms of the ratio of hydraulic power output to electrical power input.
TPaking a mean of 15% and looking at the hydraulic power requirements shown
in Table II-I,the total plant pump power input is L4 KW for the thermionic
system and 34 KW for the turboelectric system using lithium as both primary
coolant and radiator coolant. Thus a radiator nominally sized for 20 KW

heat rejection is adequate here.

Other pertinent assumptions were: a) the recirculation requirements

for the auxiliary coolant loops must be T% of the main loop flow and b)
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the regenerative heat exchanger handles 10 times the heat rejected at

the auxiliary radiator with a heat exchange effectiveness of 85%.

To provide for simple evaluation of the pump cooling item in present
preliminary work a rough estimate was selected of 2 lb./KW heat rejected

for 1200°F cooling and L lb/KN for 600C0F cooling based on an average of

Table III-8.
The four system arrangements for pump cooling were:

1., Independent coolant loop and radiator with the
recirculation pump driven by the turbogenerator
shaft.

2. Independent coolant loop and radiator with the
coolant driven by an all electrically powered EM
pump .

3. Radiator loop fluid bled from a radiator loop EM
pump and cooled by an auxiliary radiator and re-
generative heat exchanger.

4, Two phase cooling by the refluxing or Superfin
principle. Here the weight flow of coolant is
drastically reduced by employing the latent heat
of vaporization of the alkali metal coolant. No
pump is required since the vapor moves from hot
to cold surfaces by virtue of the volume change
associated with the phase change. Condensate is

returned to the hot surface by wick action.

-8~
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The Superfin cooling system is now under development at General
Electric - Evendale by Space Power and Propulsion Systems. Results
to date are sufficiently promising to warrant its consideration in this
study. A sketch of the system is shown in Figure E-1 as it might be
applied to EM pump cooling.

3. Power C@itimhg:

There was a need for an approximate weight value for power
conditioning equipment. Study of this item included consideration of the

basic equipment weight, the power losses associated with the components and

the weight penalties incurred in dissipating the losses to maintain acceptable

component temperatures. The weight penalties then assigned to power
conditioning were 5 1b/KW for D.C. power input in the thermionic power plant
when converting to either A.C. or low voltage D.C. and 2 1b/KW for the
frequency changer in the turboelectric power plant.

" 4, Power Factor

Another source’of weight increase associated with the A.C. pumps is
the effect of low power factor. The additional current capacity required
to supply the reactive KVA or KVAR in satisfying a low povwer factor load
results in additional weight for all items handling the A.C. current. An
estimated weight penalty of 1 1b./KVAR was assigned to this item.

5. Miscellaneous

In addition to the major weight items of power supply and EM
pump cooling several other contributions to pumping system weights must be
recognized. Two items not previously discussed were separate or extra

shielding for the power conditioning equipment and the weight of cabling.
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This latter item is assumed negligible at this point of the study and
would only become significant in a case where low voltage power were
required in a situation that precluded short conductor lengths from P.C.

eqﬁipnent to pump. lLikewise, the weight of extra shielding is being

‘ignored at this time primarily because such power system design work

is beyond the scope of this program.

6. Weight Penalty Summary
In order to facilitate the estimation of pumping system weights,

a tabulation of all weight penalty items identified to date was prepared.
The information is presented in Table III-7. As other items are

identified, they will be added to the list.



TABLE III-T7

NASA-CR-54036

EM PUMPING SYSTEM WEIGHTS

Ttem

System Electric Power - 1b/KW used
(from main bus bar)

Power Conditioning - 1b/KW output

Pump Cooling - 1b/KW Heat Rejected

Power Factor - 1b/KVAR
Power Conditioning Shielding

Power Cable Weight

Weight Penalty

Thermionic Oystem Turboelectric System

9
>
-600° 4
-1200° 2
1
Neglect

Neglect

-88.

10

2 (Freq. change only)
L

2

1

Neglect

Neglect
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F. Reliability Considerations

1. Introduction

The strongest virtue of the EM pump for alkali metals systems is an
inherently high reliability. Simplicity contributes most in providing
the high reliability. Other factors are: few parts or coamponents,
no moving parts and no bearings or seals, However, EM pumps of certain
types have failed in service in the past. These failures serve to point
up certain reliability problems that must be considered in pump selection

and design.

2. Relative Reliability

In the initial selection of EM pump types, reliability comparison has
served as a guide. Here the number of failure mechanisms and the severity
of failure have been the key considerations. A review of these considerations
is gilven below:

a) Loss of pump cooling would adversely affect any of the pumps by

increasing coil resistivities and reducing magnetic material
performance. However, the polyphase configurations would be most
susceptible because of greater complexity of coils and electrical
insulation systems and because of their closer location to the hot
duct.

b) Interruption of flow in the duct is most damaging to the conduction

type of pump because of the high I°R heat concentrated at the duct-to-
bus connection. This type of failure 1s common in conduction pumps

and usually results in duct leakage at the electrode connection.
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c) Pressure fluctuations on the fluid side of the duct can fatigue

)

the duct. The duct configuration most susceptible is that of the
flat induction pump where the mechanical arrangement is inherently
poorly sulted to good duct wall stability. Very large conduction
pumps with flat ducts must also fall into this problem. It should
also be recognized here that the types of pumps which operate on
single phase power generate considerably greater pulsation in their

developed head than do any of the other types of pumps.

Overpressure inside the duct is not & serious threat to any but

the moving magnet pumps since the ducts can readily be designed to
accept, within allowable deformation limits, the same pressure as
other components in the loop. However, the moving magnet pump duct
is more difficult to support and, if deformed, will probably interfere

with the rotor,thus causing pump failure.

Overtemperature in the pumped fluid, probebly applicable only to the

primary coolant, would reduce the performance and life of all types of
pumps. However, the conduction pump would be most immediately affected

and failure would most likely involve loss of main system fluid.

Mechanical damage causing misalignment of the rotor would be most

likely to occur in the moving magnet pump due to the weight and
complexity of the rotating magnetic structures., Since good pump
performance demands a close clearance between the rotor and duct wall

it is probable that duct damage and leakage would ensue.
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g) Bearing lubricant or seal failure is applicable only to the moving

magnet pumps and the failure mechanism is obvious here.

From the above it would appear that the single phase pump has, potentially,
good reliability; however, it must be recognized that single phase pumps are
relatively unknown. No operating experience is available to guide the relisbility
analyses. Nevertheless, the single phase pump does look promising from a

reliability standpoint.

In addition to providing a guide for selection the foregoing analysis also
points up those areas of weakness where design and development can mitigate
or beven eliminate the weakness. For example the development of an insulation
system allowing the polyphase pump windings to rejgct heat to the 1200°F duct

fluid would substantially improve relisbility.

Further development of this analysis is now underway and will be guided
toward selection and analysis of other failure mechanisms, identification of
those pump types which offer best resistance to the various failure mechanisms

and suggestions for design and development work to improve the problem areas.
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G, Pump Selection and Design

1, Introduction

Selection of the oppimum pump type for each application and the
design of the specific pump to be applied will be based on the foregoing
considerations presented in Sections A through F. Of particular
importance are the power supply, the weight penalties and other power
plant integration input and reliability ratings. The pump to be
selected must necessarily be viewed as the principle component in a

pumping system which in turn is a part of the overall power plant.

2. Pump Weight Improvement

Several preliminary pump designs have been presented in Quarterly
Progress Report No. 2 and in the following pages of this report. The
design information included estimated weights as well as pumping
capability and efficiency. A logical next step, and a highly interesting
one, was to compare the weights and efficiencies of the new designs with
that of existing EM pumps. A number of pumps were found for which
sufficient data were available.for such a comparison. However, a

basis for comparison of the many different pumps was needed.

It had been obsefved that in EM pumps designed on a consistent
basis a fairly cmstant correlation exists between the weight of
the various pumps and a parameter given by the product of flow,
developed pressure and fluid electrical resistivity. This parameter
has been designated the pump capability parameter. The degree to
which correlation can be obtained with this parameter among pumps of

widely varying capacities is illustrated in Figure G-1l.
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o Flat Induction pumps, conventional

+ Helical Induction pumps, conventional

x Helical Induction pumps, Flight Type
Annular Induction pumps, Flight Type
@ Single Phase & Induction, Flight Type

100 P DC Conduction pump, Flight Type

1950-1960 Technology

[
(o}

30

t NAS 3-2543 Technology

® d
1.0 7
1.0 10 100 1000
Flow x Head x Resistivity, PCP *
* iq s 9pm x PSI x MICRO-OHM-INCHES
PCP - Pump Capability Parameter = ( 1000 )

Figure G-1 EM Pump Weight Improvement
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In Figure G-1 the ratio of pump weight to this capability
paremeter is plotted egainst the capability parameter for a dozen
induction pumps designed during the past 10 years and for six
designs developed during the course of this study. The circles
(o) represent flat induction pumps, and the crosses (+) represent
helical induction pumps of prior comstruction. The x's (x), the
square ([7), the ¢ and the D, respectively, represent helical
induction, annular induction, single phase induction and D.C.
conduction pump designs developed during this study. The specific
pump ratings shown on the chart are indicated in Table III-8 .
Many of the pumps in the group numbered 1 through 13 have operated
tens of thousands of hours. These pumps have demonstrated out-

standing relisbility and have required no maintenance,

The observed correlation may be rationalized in the following
manner. Assume a particular induction pumping configuration
with & magnetic field of fixed peak amplitude moving at a fixed
synchronous velocity. Now when various inducting fluids pass
through the pump duct at a fixed velocity less than the velocity
of the moving magnetic field, each fluid experiences a pressure
rige %nverselyrproportienal teo its electrical resistivity.
Accerdingly, since the flow is the same for all fluids for the
assumed conditions, the product of flow, pressure, and electrical
resistivity is constant for all the fluids. Thus, it may be said
that the assumed pumping configuration has a capability related to

the product of these three qualities: pressure, flow and
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electrical resistivity. The weight of the pump, therefore, is
also a function of this same parameter.

Wy =1, (p Q//O) or Where: W, Weight of Pump

P = Rated Developed Pressure
W PG =f (PQ/A) Q@ = Rated Flow

A~ = Fluid Resistivity

fj3, = function of

f2

This neglects such significant variables as fluid temperature,
density, viscosity, etc. Hence it should be used with care,
particularly in comparing pumps for fluids with widely differing
characteristics, or where the hydraulic requirements are highly
dissimilar or where the pump design objectives and applications are
substantially different. The order of magnitude difference between
the two groups of pumps represented by the two curves of Figure G-1
illustrate this last point. A substantial difference exists
between the two groups with regard to both design objectives and

pump application.

The 10:1 weight reduction has been brought abcout by the
virtual elimination of the pump frame, by the use of higher current
and flux densities in the active portions of the pumps and by the
use of a high temperature magnetic material providing a magnetic

flux path in the duct bores.

The configuration chosen for designs for space application
are cylindrical in form, permitting optimum utilization of material
from & pressure containment viewpoirt, thereby making it feasible
to minimize the inactive materials used for structural purposes.

The potential of this approach to weight minimization is illustrated

by the EM pumps used in the Submarine U.S.S. Seawolf in which
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only 22% of the pump weight was active magnetic or conducting

material.

Current densities in the designs proposed for space appli-
cations are approximately 4000-5000 amperes per square inch as
compared to 2500-3500 amperes per square inch in earlier designs.
Flux densities in EM pumps are usually low because of the large
air gaps, particularly in high temperature helical induction pumps
of the type installed in heat transfer loops at the Space Power
and Propulsion Section. In the designs proposed for space appli-
cations, flux densities of about 90,000 lines per square inch are
used in the magnetic material as compared with flux densities in

the order of 40,000 lines per square inch in earlier pumps.

The use of a magnetic core in the stator bore, as compared
to the nonmagnetic core construction used in the helical pumps
presently in service at the Space Power and Propulsion Section,
permits substantial reductions in stator conducting and magnetic

material.

3. D.C. Conduction Pump Design

As a first trial of the D.C., pump design and performance
prediction methods a D.C. conduction pump was designed for the

turboelectric condensate boost application. A helical induction

pump has already been designed for this application, thus permitting

direct comparison.
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The pump is illustrated in Figures G-2 and G-3. The comparison
to the induction pump is shown in the next section under "Pumping
System Weights". A detailed description of the D.C. conduction

condensate boost pump follows:

Liquid pumped potassium at 1200°F.
Heat at entrance to pump - 10 ft., 2.98 psi.
Head rise developed by pump - 100 ft., 29.8 psi.

Flow - 1.5 lb.sec., 0.03495 cu. £t./sec., 15.70 gal./min.
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Characteristics of Principal Materials at 1200°F are as follows:
Potassium Density = 42.9% 1b/cu ft = 0.0248 1b/cu in.

Potassium Viscosity = 0.350 1b/ft.-hr

Potassium Resistivity = 23.6 x 10~6 ohm-in.

Copper Resistivity at 1200°F = 2,37 x 10-6 oklm-in.

Copper Density = 0.32 1b/cu. in.

Iron Density in magnetic circuit = 0.28 1b/cu. in.

Stainless Steel Density in duct = 0.29 1b/cu. in.

Stainless Steel Resistivity in duct = U3 x 1076 omm-in.

The attached sketches show the proposed arrangement of duct, magnetic
circuit, and electrical conductors, with some of the major dimensions.
The pumping duct and diffusers are of nonmagnetic stainless steel,

0.020 in. thick. The duct is 3 in. long, 1.5 in. wide and 0.134 ih.
high inside. The diffusers are each 4 in. long, joining the rectangular
duct to a circular cross section 2 in. in diameter inside. One fringe

current baffle, or splitter, is located in each diffuser.

The magnet gap is 0.180 in. high to allow a small clearance for the
duct with thin sheets of insulation on the outside, 1.5 in. wide, and
uniform over a distance of 3 in. with 3/h in. extensions on the pole
pieces to provide a tapered fringing field at each end of the duct.

The magnetic circuit has a cross section of 1.5 in. by 3.0 in. through-
out, and encloses a window just large enough to contain the copper
conductors with a small clearance.

The electrodes are copper plates welded or brazed to the edges of the

duct. The electrodes are 3 in. long, 0.134 in. thick and 0.687 in. wide,
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The current circuit is divided into two parallel circuits, one
encircling each pole, to apply the magnetomotive force to the

gap as symmetrically as possible. The copper conductors are of
‘rectangular cross section, 5/8 in. wide by 7/16 in. high. The
conductors completely encircle the poles once and are connected to
the electrodes so that the electrode current effectively gives an

additional half-turn.

The calculated characteristics for this DC conduction pump are:
Liquid pumped - Potassium at 1200CF,
Inlet pressure - 2.98 psi. (10 ft. head)
Velocity head at entrance to duct - 2.89 psi (9.7 ft. head)
Net pressure rise - 29.8 psi (100 ft. head)
Flow - 15.70 gpm
Current - 2270 amp.
Terminal voltage - 0.492 volts
Input power - 1120 watts.
Qutput hydraulic power - 203 watts.
Efficiency - 18.1%
Total weight - 18.2 1b., consisting of
Iron weight - 13.9 1b.
Copper weight - 4.0 1b.
Duct and diffuser weight - 0.3 1b.
Conductor and electrode power loss - 333 watts
Duct liquid electrical power loss - 92 watts

Fringe current power loss - 191 watts

102 -
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Duct wall current power loss - 268 watts

Hydraulic power loss in duct and diffusers - 16 watts

Additional electrical power loss in duct due to the distortion
of duct current by liquid flow - 17 watts.

Total power loss - 917 watts

Flux density across duct

at entering end - 73.7 k./sq. in.
at center - 55.3 k1/sq. in.
at exit end - 36.9 k1/sq. in.

(neglecting distortion effects caused by liquid flow)
Flux density in magnetic circuit (approx.) - 90 kl/sq. in.
Current density in conductors - 4150 amp./sq. in.

Current density in electrodes at duct wall - 5650 amp./sq. in.

Current density in duct liquid between electrodes - 2350 amp./sq._in.

Duct current - 946 amp.
Fringe current - 550 amp.

Duct wall current - 774 amp.
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L, Single Phase Induction Pump Design

The most promising pump type for the primary coolant application
is the single phase induction pump illustrated in Figure G-4.
The design is intended to meet the design point requirements of
the thermionic power plant primary coolant pump:
Fluid - 1700°F lithium
Flow - 40 1b/sec
Inlet Pressure - 10 psia
Pressure Rise - 6 psi
Efficiency (Est) - 11%

Weight (Est) - 250 1b.

The primary advantage of this configuration is the simplicity of
the coil. In the design shown the coil is made of tubing through
which a coolant is passed. The coil is so located that it is easily
isolated, thermally, from the hot duct. The magnetic structure and
duct are relatively complicated but readily manufacturable. No
mechanical support structure or containment envelope is shown on
this design. The magnetic structure and duct are adequate for
support. However, some additional cooling may be required for the
laminated core and stator punchings. The design shown is presently

being analyzed to determine performance characteristics.

5. Boiler Feed Pump

Although not specifically named in the work statement a boiler
feed pump application looks very promising for the Rankine cycle turbo-

electric system., This installation would be the prime-mover for the
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condensate to the boiler and would replace the earlier
concept of a canned rotor pump and EM pump booster

combination.

In analyzing the boost pump described above it became
evident a helical induction EM pump could readily perform
the complete task of feeding condensate to the boiler. A
supplementary boost pump would be precluded and the highly
reliable induction EM pump would be applied to the entire

pumping job 1f it possesses adequate cavitation characteristics.

The pump requirements were derived from the flow specified
for the boost application plus the boiler pressure demands of
a typical turbogenerator power plant. Consequently, the design
selected was 15.5 gpm at 100 psi developed head. The resultant
design is illustrated in Figure G-5. The diameter is 6.5 inches;
the length, 21 inches; the total weight, 105 pounds. Again, 3
phase 60 cycle power is employed. The pump, & two pole machine,
uses 5 kw of power at 50% power factor with a 50% slip. Over-
all efficiency is approximately 12%. Comparing this pump to a
canned motor pump with jet suction boost for a similar
application, the EM pump is attractive. Below is the comparison

based on information out of the AEC-SNAP 50 Office:

-106-
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Coolant In

End Turns

Winding Cavity Gas
Filled to 15 PSIA

Helical Flow Passage

' Thermal Insulation
3/4" Tubing © neusa

Coolant Tubes

1200°F Potassium

15.5 GPM

100 PSI Dev. Head

2 Pole, 3 Phase, 60 CPS
5 KW, 0.5 PF

Est. Wt, = 105 Lbs.

Figure G-5 Helical Induction Boiler Feed Pump Turboelectric
System
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Canned Motor W/Jet Boost

EM Pump SNAP-50 Scaled To

Boiler Feed Size EM Pump Size
Flow 1.5 pps 2 pps 1.5 pps
Head 100 psi 100 psi 100 psi
Weight 105 1b. 150 1b. 112 1b.
(excl. penalties) .
Power 10KVA, 60"V 9KVA, koo~ TKVA, LOOV
Efficiency 12% 17% 1
Reliability Good Fair Fair

Those materials selected for the two designs shown in Quarterly Progress
Report No. 2 are also used here., Generally, the arrangement and configuration
approximate those of the boost pump. The inlet nozzle design, however, has
been improved hydraulically. The flow exit from the helical section is
cleaner, the end turns have been shortened, and concurrently, the stator
cavity has been reduced. To provide a secondary barrier against leakage,

the thermal insulation is completely canned.

6. Pumping System Weights

Taking the information accumulated in past reports as well as this one,
a preliminary tabulation of all the pump designs presented to date and the

corresponding pumping system weights are given below.

a) Condensate Boost Application

Pump Characteristics Pumping System Wt. - 1b.
Hel, Ind. D-C Cond. Hel, Ind. D-C Cond.

Flow - pps 1.5 1.5 No. Pumps i L

Head - psi 30 30 Pump Wt. 150 72

Power - KW 1.6 1.1 Power Penalty 75 55"

Weight ~ 1b, 35 18 P.C. Wt. 13 22

Efficiency - % 13 18 Cooling Wt.:

Slip - % 50 - 600F 13

Power Factor - % 50 - 1200F 6

KVAR 2.8 - Power Fac. Penalty 11 _
Total 252 155
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b) NaK Radiator Application
Pump Characteristics Pumping System Wt. - 1b.
Ann. Ind. Ann. Ind.
Flow - pps 6 No. Pumps 16
Head - psi 25 Pump Wt. 1360
Power - KW 6.4 Pwr. Penalty 1210
Weight - 1b. 85 P.C. Wt. 205
Efficiency - % 11 Cooling Wt.:
Slip - % 50 600F 205
Power Factor - % 51 Pur. Fac. Penalty 172
KVAR 10.8 Total 3152
c) Li Radiator Applications
Pump Characteristics Pumping System Wt. - 1lb.
Ann, Ind. Ann, Ind. Hel. Ind. Ann. Ind., Ann. Ind. Hel. Ind
Flow - pps 8 2 2 No. Pumps L 16 16
Head - psi 20 20 20 Pump Wt. 340 640 768
Power - KW 6 2.2 2.2 Pwr. Penalty 282 412 1o
Weight - 1lb. 85 40 L8 ‘P.C. Wt. 48 70 70
Efficiency - % 15 12 12 Cooling Wt.:
Slip - % 50 Lo 600F 48 70 70
Pur. Fac. - % 53 51 70 Pur. Fac. Penalty 39 59 37
KVAR 9.7 3.7 2.3 Total 757 1251 1357
d ) Primary Coolant Application
Pump Characteristics Pumping System Wt. -~ 1b.
Single Phase Single Phase
Flow - pps 40 No. Pumps 1
Head - psi 6 Pump Wt.. 250
Power - KW 21 Pwr. Penalty 2h7
Weight - 1b. 250 P.C. Wt. L2
Efficiency - % 11 Cooling Wt.
Pwr. Fac - % 50 (assumed ) 1200F 21
KVAR 36 Pwr. Fac. Penalty 36
Total 596
-109-




e) Boiler Feed Pump

Pump Characteristics

Flow - pps
Head - psi
Power - KW
Weight - 1b.
Efficiency -
Slip - %

Pur. Fac. - %
KVAR

Hel. Ind.

15
100
>
105
12
50
50
8.7
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Pumping System Wt. - 1b.
Hel. Ind.
No. Pumps L
Pump Wt. 20
Pwr. Penalty 236
P.C. Wt. 4o
Cooling Wt.
600F Lo
Pwr. Fac. Penalty 35
Total Ty
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Test Program

1. Introduction

Included in the Phase I work scope is the planning of Phase II which
will be concerned with manufacture and testing of the pump types selected

in this phase of the program.

In Quarterly Progress Report No. 2 an outline of a test program was
presented along with a schematic and description of a test facility.
Some additional work has been done during the past quarter, primarily to

keep pace with the results of pump design work.

2. Phase ITI Schedule

As a first estimate a program involving one pumping application was
scheduled as shown in Figure H-l . It was assumed that two pumps approximately
spanning the required test range of Table II-1 would suffice. The elapsed
time was about 18 months. No endurance testing was included. To include
it vould require some additional test equipment to avoid tying up the main

facility.

- As additional pumps are included in the program the testing time will
increase in direct proportion since more than one facility does not seem
warranted. The other elements of the program would be covered by increased
man hours and appropriate overlapping and sequencing so as not to add to the

overall elapsed time for the program.
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Pump Mfg.

Facility Design

NASA Review

Facility Constr,

Check-0Out

EM Pump Testing

1 2 3 4 5 6 7 8

NASA-CR-54036

Months

9 10 11 12 13 14 15 16 17 18

Figure H-1 EM Pump Program Phase II Schedule
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IV. PROGRAM PLANS

Organization

During the past quarter two project meetings were held to review
the progress to date in the various project functions. Plans were made
to channel all effort towards final selection and analysis of pumps to
be recommended for continued development. It will be necessary to
summarize the selection process. A basis for comparison of pumps for each
application is needed. Specific materials must be selected from all the

data accumulated.

The moving magnet pump requires some additional study. It seems
unlikely at this point that a preliminary design will be warranted, but

some allowance will be made in the schedule for this eventuality.

Schedule

A contractual change has been consummated whereby the end date of
Phase I was extended from June 27, 1964 to August 3, 1964. No additional work
was involved. This allowed a shift of 5 weeks in the Final Report

activity since it is to be complete within 30 days of the terminal date.
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In addition the schedule has some minor changes in the activities of
"Selection and Study"' and "Preliminary Designs" to allow for additional
work to be done on the moving magnet pump &s described s&bove. The "Test
Program Layout" has been shifted since little additional work can be done
until the "Second Selection" is further along. The revised schedule is shown
in FPigure J-1. The X portion of the bar for each element of the schedule
indicates degree of completion of that activity. The slant line portion of
the bar indicates the unfinished portion of the schedule. The dashed line
portion indicates the changes since the last issue, To gain an estimate of
the overall degree of progress vs., schédule, the total length of all bars
is 53 months, the total length of all X portions is 33 months giving 63%
completion. Nine of the 13 months have passed or 69% of the allotted time,
Thus the program is approximately on schedule, even though certain activities

may be lagging.

Projection

During the coming month the single phase pump design shown above will
be analyzed and a number of design calculations for the thermionic primary

coolant application will be made in order to approach the optimum.

A tabular form for summarizing the pump selection process will be made,
In the materials area review of the accurmlated data for final selection of

puny materials will begin.

During the quarter which ends June 27, 1964 a d-c conduction pump design

will be made for each of the six applicatiens. Helical induction designs will
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NASA-CR-54036

be made for all but the primary coolant application and annular induction

designs will be made for the radiator coolant applications.

The selection chart mentioned above will be completed. Final materials
selection will be made and the final pump selections will be made. Final

analysis and performance predictions for the selections will begin.
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